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ABSTRACT 
During the Illinois Episode glaciation (~190,000 to 130,000 years ago), the Laurentide 
Ice Sheet of North America reached its southernmost extent in southern Illinois, covering 
approximately 90% of Illinois at the time.  In this study, I seek to understand the factors that 
controlled the shape and extent of the Laurentide Ice Sheet in southern Illinois by using a 
numerical model of glacial dynamics, ICE CASCADE.  My model area includes mainly southern 
Illinois and south-eastern Indiana, with topography mapped at a 1 km horizontal resolution.  
Multiple model experiments were run to test the effect of varied surface temperature, ice flux 
from northern Illinois, bed topography, enhanced sliding in bedrock lowlands, and calving speed 
in the Wabash and modern and ancestral Mississippi river systems. I compare the extent of 
modeled ice and the mapped location of the Illinois Episode glacial margin along five flow lines.  
Provided that my assumptions are corrects, and without accounting for regional scale ice 
streaming, models which minimize the misfit between modeled and mapped Illinois Episode ice 
extent require ice thicknesses in central Illinois of approximately 1 km, comparable to 
independent estimates.   However, these best-fitting models also require temperatures of -2°C to 
-3°C in the St. Louis area, near the cold end of estimates based on regional paleoclimate proxies.  
All models reached their smallest misfits within 15,000 years, consistent with independent 
estimates of advance rates during the Wisconsin Episode glaciation. 
Based on this study, bed topography and increased sliding in lowlands have only minor 
effects on the overall extent and shape of the model ice sheet during its advance to the 
penultimate glacial maximum.  Calving of ice into the Mississippi and Wabash river valleys, 
however, strongly influenced modeled ice sheet shape and extent.  Significant calving rates, 
generally of at least 30 to 60 ma-1, are required to minimize misfit between modeled and mapped 
ice extent.  These results indicate that calving may have played a major role in controlling the 
shape and extent of the Laurentide Ice Sheet in Illinois during the Illinois Episode glaciation, 
suggesting that the interaction between major river systems and glacier fronts should be 
considered more generally. 
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CHAPTER 1 
INTRODUCTION 
 During the Quaternary, the Laurentide Ice Sheet in North America advanced and 
retreated several times.  The major glaciations in the Midwestern USA, from youngest to oldest, 
are referred to as the Wisconsin Episode, the Illinois Episode, and the pre-Illinois Episode 
glaciations (Curry et al., 2011).  For this paper, I will use “Laurentide Ice Sheet” to describe the 
ice sheet covering much of northern North America throughout the Quaternary, without regard to 
a specific glacial episode.  I will likewise use “Lake Michigan Lobe” to describe the part of that 
ice sheet which advanced southward through the Lake Michigan Basin, again without regard to a 
specific glacial episode. 
Many studies have attempted to reconstruct the behavior of the Laurentide Ice Sheet 
during the last glaciation.  Some have suggested that the major lobes of the southern margin 
during the Wisconsin Episode represent locations of past ice streams (Stokes and Clark, 2001).  
Others have found that, during its retreat from the last glacial maximum during the Wisconsin 
Episode, ice streaming, switching of basal thermal regime, and shifting of ice divides indicate a 
very dynamic ice sheet (Stokes et al., 2012).  I focus only on the Laurentide Ice Sheet in southern 
Illinois and southwestern Indiana during the Illinois Episode, where the ice sheet reached its 
southernmost extent in the Northern Hemisphere (Willman and Frye, 1980) (Figure 1). 
During the most recent advance, the Wisconsin Episode, ice entered Illinois from the 
Lake Michigan Basin and covered northeastern Illinois before retreating and leaving behind 
multiple till units and forming several moraines.  Many studies have evaluated climatic and 
environmental conditions during these events, as well as the glacial chronology (Curry and 
Delorme, 2003; Curry et al., 2011; Stiff and Hansel, 2004).  Fossil ostracode assemblages found 
in the St. Louis area suggest a mean annual temperature around 0.8-3.9°C, while pollen 
assemblages suggest a boreal forest (Curry and Delorme, 2003).  Alley (1991) suggested that the 
characteristics of the Wisconsin Episode deposits of the Lake Michigan Lobe are consistent with 
deformation of sediments beneath the glacier.  Other researchers have attempted to locate past 
ice streams throughout the northern hemisphere during the Wisconsin Episode, focusing on 
factors such as bedrock troughs and landforms indicating ice flow (Stokes and Clark, 2001).  
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Numerical models have also been used to examine conditions during the Wisconsin Episode.  
Stokes et al. (2012) used a numerical model to suggest that much of the North American ice 
sheets, in both Canada and the United States, may have been warm-based.  Cutler et al. (2001) 
modeled the effects of the Great Lakes on the Laurentide Ice Sheet and concluded that calving in 
Lake Superior may have slowed rates of ice advance relative to ice lobes traversing the shallower 
Lake Michigan. 
In this study, I focus on the Illinois Episode in southern Illinois.  Although the Illinois 
Episode is less studied than the Wisconsin Episode, much is still known.  During the Illinois 
Episode glaciation, which lasted from ~190ka to ~130ka, the Laurentide Ice Sheet advanced 
from the Lake Michigan Basin and covered 90% of Illinois, reaching its southernmost extent in 
southern Illinois, at latitude 37° 35’ N (Curry et al., 2011; Hansel and McKay, 2010).  The ice 
advanced and retreated several times, each time temporarily diverting the ancestral Mississippi 
River from a course roughly following that of the modern Illinois River in western Illinois to a 
course more similar to its modern path (Hansel and McKay, 2010).  The Mississippi River then 
returned to its ancestral valley at the end of the Illinois Episode before being permanently 
diverted to its modern course during the Wisconsin Episode (Hansel and McKay, 2010).  In 
southern Illinois, the Mississippi River has followed a course near its modern one for most of the 
Quaternary (Hansel and McKay, 2011). 
Compared to the Wisconsin Episode glaciation, the ice of the Illinois Episode glaciation 
left fewer distinct moraines, possibly indicating the stagnation of ice in some areas (Stiff and 
Hansel, 2004).  The moraines and other landforms that are recognized, especially those in the 
ridged-drift area of the Kaskaskia Basin, have received considerable attention.  Some researchers 
have interpreted the ridges of the area to be moraines, either at the edge of a lobe of ice in 
southern Illinois or as part of an interlobate complex (Leverett, 1899; Willman and Frye, 1970).  
Other researchers, noticing the abundance of sand and gravel as well as the linear alignment of 
the ridges, have suggested that they originated in a glaciofluvial setting or as crevasse fills, and 
that subsequent preservation of the landforms is an indication that the ice sheet was stagnant, 
although the presence of bedrock blocks in some kames show areas of local active ice (Jacobs 
and Lineback, 1969; Leighton, 1959; Leighton and Brophy, 1961).  Webb et al. (2012) suggested 
a combination of glaciofluvial and morainal ridges, concluding that the Kaskaskia Basin was 
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occupied by a sublobe of the Lake Michigan Lobe and noting that the low topography and soft 
sediments of the basin could have been favorable to ice streaming.  They also suggested that the 
presence of moraines requires active ice conditions in some areas, while the preservation of 
glaciofluvial deposits requires stagnant ice in other areas and that stagnation often followed 
advances of the ice.  In addition to the ridges of the Kaskaskia Basin, the Laurentide Ice Sheet 
also deposited other sediments in Illinois during the Illinois Episode.  Several till members have 
been recognized, although the relationship between till members is not always clear (Curry et al., 
2011; Jacobs and Lineback, 1969; Willman and Frye, 1970).  Additionally, lacustrine sediments 
from proglacial lakes and from lakes formed by glaciers blocking preexisting river valleys, as 
well as sand and gravel outwash, were deposited during the Illinois Episode (Curry et al., 2011; 
Leighton and Brophy, 1961).  The deposits of the Illinois Episode glaciation are separated from 
the deposits of the Wisconsin Episode glaciation by the Sangamon Geosol (Curry et al., 2011; 
Hansel and McKay, 2010). 
A few studies have attempted to determine climatic conditions in Illinois during the 
Illinois Episode.  Curry and Baker (2000) used fossil pollen and ostracodes to determine that the 
paleoenvironment in south-central Illinois may have been similar to a boreal forest or tundra at 
this time.  Fossil pollen, plant, and gastropod assemblages in the Kaskaskia Basin indicate that 
the northern Great Lakes region in western Ontario may be a modern analog to conditions in the 
basin during both the Wisconsin and Illinois Episode glaciations (Grimley and Phillips, 2011a). 
There were likely several pre-Illinois Episode glaciations in Illinois, although the 
chronology is not well constrained (Curry et al., 2011; Hansel and McKay, 2010).  Study of these 
glaciations is difficult because the deposits are discontinuous and often buried or eroded (Curry 
et al., 2011; Hansel and McKay, 2010).  Ice during these glaciations entered Illinois from both 
eastern and western sources which can be distinguished by lithology and mineralogy (Curry et 
al., 2011; Hansel and McKay, 2010; Stiff and Hansel, 2004).  The deposits of the pre-Illinois 
Episode glaciations are separated from the deposits of the Illinois Episode glaciation by the 
Yarmouth Geosol (Curry et al., 2011; Hansel and McKay, 2010). 
 Studies of the Illinois Episode in southern Illinois have led to several research questions.  
Why are there so few moraines compared to the Wisconsin Episode?  Where and when was ice 
active or stagnant?  Did the Lake Michigan Lobe break into smaller sublobes as it retreated?  
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Was ice streaming present?  Why did the Laurentide Ice Sheet extend farther south during the 
Illinois Episode than during the Wisconsin Episode, especially given that paleoclimate 
reconstructions are similar for both (Curry and Baker, 2000; Grimley and Phillips, 2011a)?  In 
this study, I attempt to address these last two questions. 
Much of what is known about the Illinois Episode glaciation is from physical evidence in 
the field.  In order to independently test some of the previous ideas and concepts, this study uses 
a numerical model, ICE CASCADE, to explore the controls on the glacial extent in its initial 
advance during the Illinois Episode in southern Illinois and southwestern Indiana.  I vary 
paleotemperature, ice thickness, bed topography, basal velocity, and calving into rivers in order 
to determine their effects on glacial dynamics and extent.  I focus on the local scale, modeling 
the margin in southern Illinois rather than the entire Laurentide Ice Sheet.  I first consider 
paleotemperature and ice flux from northern Illinois to determine conditions necessary for the 
modeled ice to advance so far south.  I also consider the possibilities of topography influencing 
flow, fast flow over soft sediment, and calving into major river systems to determine how these 
processes affect the extent and shape of the ice margin.  I find that for the best fit models ice 
thickness in northern Illinois, used as a proxy for ice flux, is comparable to other estimates, while 
paleotemperatures are near the cold end of the range of temperatures estimated for the area 
during the Wisconsin Episode.  Bedrock topography and increased velocity in bedrock lowlands 
have little effect, while calving strongly influences the extent and location of the modeled ice 
margin. 
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CHAPTER 2 
BACKGROUND 
The extent of a glacier is dependent on the mass balance of the glacier and the rates and 
mechanisms of glacial movement.  When the accumulation of mass is equal to its ablation, the 
glacier is in steady state and the volume of ice does not change.  An increase or decrease in 
accumulation relative to ablation will result in an increase or decrease in the volume and the 
resulting extent of ice (Bennett and Glasser, 1996).  Climate and calving influence mass balance 
and therefore influence ice extent.  Ice extent may also be controlled by the rates and 
mechanisms of glacial movement, which are themselves controlled by factors such as ice 
temperature and bed conditions, such as topography and substrate (Bennett and Glasser, 1996).  
Faster flow, such as that from fast basal sliding or bed deformation (Alley, 1991), may allow ice 
to extend farther from the accumulation zone. 
Glaciers move via internal deformation of the ice, sliding of the glacier over its bed, and 
deformation of the bed.  Deformation of ice follows Glen’s Flow Law 
 𝜀̇ = 𝐴𝜏𝑛 (1) 
where ε̇ is the shear strain rate, A is a factor dependent on the temperature of the ice, τ is the 
shear stress, and n is a constant generally taken to be about three for ice (Paterson, 1994).  
Sliding around obstacles occurs where ice at the base of a glacier is at its melting point, either 
through regelation, where ice melts on the upstream side of an obstacle and refreezes 
downstream, or through an increase in the rate of deformation of ice caused by an increase in 
stress and therefore strain rate (Paterson, 1994).  Since both ice deformation and sliding are 
dependent on the temperature of the ice, it is important to know the thermal conditions of the 
Laurentide Ice Sheet during the Illinois Episode.  In general, ice is more likely to be warm-based 
if the climate is warm, as in mid-latitude rather than polar regions, if movement is fast, or if ice is 
thick (Bennett and Glasser, 1996).  Stokes et al. (2012) used a numerical model which included 
thermodynamics to show that more than half of the Laurentide Ice Sheet may have been warm-
based near the last glacial maximum.  As their model ice advanced farther south, ice at the 
southern margin became more likely to be warm-based than when the ice was restricted to more 
northern latitudes (Stokes et al., 2012).  For the purposes of this study, this suggests that ice in 
6 
 
 
southern Illinois may have been warm-based and that both sliding and ice deformation were 
possible.  A warm-based glacier that allows for sliding is consistent with geomorphic evidence 
such as the striations seen in the Kaskaskia Basin (Webb et al., 2012). 
 Glaciers also move through the deformation of underlying sediments.  The occurrence of 
bed deformation is dependent on bed conditions and on temperature.  The bed on which the 
glacier moves must be composed of soft sediments saturated with water at high pressure (Alley, 
1991).  These conditions may allow for high ice velocities (~100-1000 m/yr.) at low shear stress 
(~5-50kPa) such as those suggested for the Lake Michigan Lobe during the Wisconsin Episode 
(Alley, 1991). 
 Topography also influences the flow of ice.  For example, the locations of the terminus of 
the West Greenland ice sheet during its retreat seem to be controlled by topography, with the ice 
halting in more stable locations, for example where the topographic valleys narrow, resulting in a 
reduction of calving rates (Warren and Hulton, 1990).  Also, many suggested locations of 
previous ice streams, where some ice flows faster than the surrounding ice, are in part based on 
the location of bedrock troughs (Stokes and Clark, 2001).  Similarly, topography may also have 
controlled the shape and extent of the Illinois Episode Laurentide Ice Sheet in southern Illinois.  
The proposed Kaskaskia sublobe of an ancestral Lake Michigan Lobe during the Illinois Episode 
glaciation is centered on a bedrock valley or lowland, which may have controlled its location and 
the direction of ice flow as the ice thinned (Webb et al., 2012).  The southernmost margin of the 
Illinois Episode glaciation lies in the northern part of the Shawnee Hills, while in northern 
Illinois the ice sheet did not extend into the Driftless Area, suggesting that these topographically 
high areas may have impeded flow (Hansel and McKay, 2010). 
 In addition to the mechanisms of glacial movement, glacial extent is also controlled by 
mass balance.  This study focuses on mass loss.  Several factors affect the mass balance of an ice 
sheet.  One of these factors is climate.  Warmer temperatures lead to increased ablation in the 
form of melting, and should therefore limit the extent of an ice sheet.  Multiple studies have 
focused on paleotemperatures during the Wisconsin Episode, often using fossil assemblages to 
determine modern analogs.  Ostracodes found near St. Louis suggest that the mean annual 
temperature was 0.8-3.9°C during the glacial maximum of the Wisconsin Episode, while the 
presence of spruce fossils suggests an analogy to the boreal forests found in Canada (Curry and 
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Delorme, 2003).  Comparison to other temperature records in the area indicates a temperature 
gradient of 1.3-3.0°C per degree latitude (Curry and Delorme, 2003).  Stiff and Hansel (2004) 
suggested that permafrost formed near the margin of the Lake Michigan Lobe during part of the 
Wisconsin Episode, indicating cold temperatures.  Johnson (1990) also believed that permafrost 
was present, and suggested that the mean annual air temperature in central Illinois during the 
coldest part of the Wisconsin Episode glaciation may have been approximately -6°C.   A study of 
pollen and ostracodes from south-central Illinois indicates that temperatures during the Illinois 
Episode may have been similar to or even colder than temperatures during the Wisconsin 
Episode (Curry and Baker, 2000). 
 Along with melting, calving can also remove ice from a glacier.  In general, calving rates 
are proportional to the depth of the water at the calving front (Brown et al., 1982).  The constant 
of proportionality varies with other factors, such as whether the glaciers are polar or temperate, 
and whether the water is saline or fresh (Hanson and Hooke, 2000; Warren et al., 1995).  
Glaciers calving into freshwater have been shown to undergo about one-tenth the calving of tide-
water glaciers for the same water depth (Funk and Röthlisberger, 1989; Warren et al., 1995).  
Calving may result from undercutting of the glacier front by moving water while the deepening 
of crevasses by meltwater may enhance calving (Paterson 1994). 
Calving can impact the shape and extent of an ice margin.  Due to the enhanced loss of 
ice, many modern glaciers, such as in Canada and Antarctica, terminate near the shore of the 
ocean and therefore have a shape and extent controlled by calving (Paterson, 1994).  The two 
extant ice sheets, in Greenland and Antarctica, both terminate in the marine environment, where 
they lose ice to calving, resulting in more rapid removal of ice than can be found on land (Stokes 
and Clark, 2001).  Calving also occurs outside of the marine environment.  Today, the Childs 
Glacier in Alaska calves into the Copper River (Kargel et al., 2008), while Cutler et al. (2001) 
suggested that calving into Lake Superior may have influenced the extent of the Laurentide Ice 
Sheet during the Wisconsin Episode.  My model therefore accounts for calving along with bed 
conditions and temperature. 
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CHAPTER 3 
METHODS 
3.1 Model Area 
The area modeled in this study includes central and southern Illinois and adjacent 
portions of Indiana, Kentucky, and Missouri (Figure 2).   This area was chosen in order to focus 
on the effects of local conditions on the extent of ice in southern Illinois, rather than to consider 
the factors affecting the entire Laurentide Ice Sheet during the Illinois Episode.  The area extends 
to the south and west of the Illinois Episode margin in southern Illinois in order to allow the 
modeled ice to flow up to and past the margin without interference from the boundary conditions 
of the model.  The eastern edge of the model area was set westward of a southward dip in the 
Illinois Episode margin in Indiana, which possibly indicates the margin of the Huron-Erie Lobe 
rather than the Lake Michigan Lobe that extended into Illinois (Gray, 1989).  In this study, I 
chose to focus only on one lobe rather than attempting to model multiple lobes.  The northern 
extent of the model area extends past the southern extent of the Wisconsin Episode margin in 
Illinois and therefore allows the Wisconsin Episode margin to be used as a boundary condition 
for the model. 
 
3.2 Topography 
The effect of topography on ice extent was explored by running experiments over four 
different surfaces.  These surfaces were 1) modern surface topography, 2) bedrock surface 
topography (with Quaternary sediments stripped off) 3) a flat surface at the mean elevation of the 
bedrock (167 meters) and 4) a surface with the same mean elevation but twice the relief of the 
bedrock surface.  Modern surface topography is based on Shuttle Radar Topography Mission 
(SRTM) 90m digital elevation data (Jarvis et al., 2008).  Digital data on the elevation of the 
bedrock surface in Illinois, Indiana and the St. Louis area was provided by the Illinois and 
Indiana State Geological Surveys, (Herzog et al., 1994; Indiana State Geological Survey, 2003) 
and modified in the Metro East St. Louis area with data from recent mapping (e.g., Grimley and 
Phillips, 2011b) .  For the rest of Missouri and Kentucky, which lie beyond the mapped Illinois 
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Episode margin, modern surface topography was used for the bedrock surface map.  The 
resulting modern surface and bedrock elevation maps are shown in Figure 3. 
 
3.3 Numerical Model 
ICE CASCADE is a numerical model of surface processes, including erosion by fluvial 
and glacial systems as well as flexural isostasy.  The version of ICE CASCADE used here is the 
similar to that used in Tomkin and Braun (2002), which is described in this section.  For this 
study, the model was altered by adding ice as a boundary condition, a north-south temperature 
gradient, the ability to increase basal sliding velocity in selected areas, and calving.  These 
changes are described in sections 3.4 through 3.7.  The values of parameters used in the 
following equations are given in Table 1.  ICE CASCADE calculates ice dynamics, including the 
sliding and internal deformation velocities and the resulting extent of ice.  To increase 
computational efficiency, input maps, originally at a resolution of 1 km for this study, were 
resampled to fit a grid of 2x by 2y (here 256 by 256) cells prior to calculating ice thickness and 
dynamics.  This results in pixels within the model that are approximately 1.57 km wide in the 
north-south direction and approximately 1.75 km wide in the east-west direction.  The result of 
this resizing is shown in Figure 4.  The calculations in ICE CASCADE are based on the mass 
conservation equation 
 𝜕ℎ
𝜕𝑡
= ∇𝒒 +𝑀 
 
(2) 
 where h is the thickness of the ice, q is the vertically averaged mass flux, and M is the mass 
balance.  The vertically averaged mass flux, q, is equal to hu, where u is the vertically integrated 
horizontal velocity of ice, calculated as the sum of the sliding velocity,𝒖𝒔, and the deformation 
velocity,𝒖𝒅.  Using the shallow ice approximation (Hutter, 1983), these velocities are 
 
𝑢𝑑 =
2𝐵
𝑝 + 2
(𝜌𝑔)𝑝ℎ𝑝+1|∇(ℎ + 𝑧)|𝑝−1∇(ℎ + 𝑧) 
 
(3) 
 
𝑢𝑠 =
𝐵𝑠
𝑁 − 𝑃
(𝜌𝑔)𝑝ℎ𝑝|∇(ℎ + 𝑧)|𝑝−1∇(ℎ + 𝑧) 
 
(4) 
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where B and Bs are respectively the ice flow law and sliding law parameters, ρ is the density of 
ice, g is gravitational acceleration, p is the exponent of Glen’s Flow Law, N is the ice overburden 
pressure, P is the water pressure, and z is the topography.  N-P is assumed to be 0.8N (following 
Knap et al., 1996).  Ice near the margin of a temperate ice sheet would likely be near its melting 
point throughout, so B is assumed to be constant.  Values for B and p (Table 1) are taken from 
Paterson (1994).  The value of Bs, which varies widely between glaciers, was chosen from values 
calculated for similar sliding laws and such that velocity from deformation and sliding are 
roughly equivalent (Pattyn, 1996; Tomkin and Braun, 2002). Mass balance, M, is calculated in 
terms of accumulation and ablation.  For areas where the mean annual surface temperature is 
greater than 0°C, ablation is calculated as a linear function of temperature.  For mean annual 
temperatures less than 0°C, accumulation is determined by an input precipitation pattern.  
Because the ice dynamics in Illinois during the Illinois Episode were controlled by the location 
of the Laurentide Ice Sheet, contributions of precipitation in the study area would have been 
negligible and of uncertain sign.  Therefore, the accumulation within the study area is set to zero 
and only ablation is calculated. 
Several new factors and processes were added to the Tomkin and Braun (2002) model for 
the purposes of this study.  Ice thickness boundary conditions were imposed to represent ice flux 
from outside of the model area.  A north-south temperature gradient was added to account for 
latitudinal effects on temperature.  In some areas, ice was permitted to slide faster by a variable 
factor, representing a possible increase in basal velocity due to the presence of soft sediment.  
Along the Wabash and Mississippi River systems, ice calving was also modeled. 
 
3.4 Boundary Conditions 
A map was made showing the extent of the Laurentide Ice Sheet during the Wisconsin 
and Illinois Episodes, using data from the Illinois State Geological Survey and the Indiana 
Geological Survey (Indiana Geological Survey et al., 2010a; Indiana Geological Survey et al., 
2010b.; Lineback, 1979).   Ice in the model area advanced from the Lake Michigan Basin during 
both the Illinois and Wisconsin Episodes, as well as from the more eastern Huron-Erie Lobe in 
Indiana (Curry et al., 2011; Gray, 1989; Stiff and Hansel, 2004).  This study focuses on the Lake 
Michigan Lobe in part because the Illinois Episode glacial margin in in Illinois, including the 
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southernmost margin, in known to have a provenance from this area based on till composition, 
striation directions, till fabrics and the shape of the ice margin (Curry et al., 2011; Leighton and 
Brophy, 1961; Leverett, 1899; Stiff and Hansel, 2004).  Additionally, modeling ice from the 
Huron-Erie Lobe as well as from the Lake Michigan Lobe would result in complex interactions. 
The terminal position of the Lake Michigan Lobe during the glacial maximum of the 
Wisconsin Episode was chosen for the boundary condition since the ice covering Illinois during 
the Illinois Episode was also sourced from the Lake Michigan Basin, likely in an ancestral lobe 
(Curry et al., 2011; Hansel and McKay, 2010; Leverett 1989; Stiff and Hansel, 2004; Willman 
and Frye, 1970).  Due to the similarity in source for the Illinois and Wisconsin Episodes, it seems 
possible that the ice of the Illinois Episode may have covered an area similar to that of the 
Wisconsin Episode ice prior to reaching its furthest extent.  Therefore, using the extent of the 
Lake Michigan Lobe of the Wisconsin Episode as a boundary condition for modeling the Illinois 
Episode is reasonable.  For the purpose of this study, the Wisconsin Episode last glacial 
maximum margin was redrawn in western Indiana to reflect the margin of only the Lake 
Michigan Lobe, based on a map by Gray (1989).  The margin was drawn along the edge of the 
area containing Wisconsin Episode tills with a northern source.  The resulting map is shown in 
Figure 2. 
Ice was introduced into the model area by fixing the elevation of the ice surface over the 
area covered by the Lake Michigan Lobe during the Wisconsin Episode.  All nodes within this 
area have the same fixed elevation, which remained fixed throughout the course of each 
experiment. 
Several boundary conditions were also applied to the edges of the model area.  In order to 
lessen the effects of the model edge and to imitate the effects of ice extending past the model 
area, a parabolic profile of ice thickness was imposed in two places: extending southward from 
the northeastern corner of the model and extending westward from the westernmost extent of the 
Wisconsin Episode margin along the northern edge of the model space.  For simplicity, the 
profile follows Paterson’s (1994) equation of a parabolic ice sheet on a horizontal bed, which 
closely approximates the shape of a steady-state ice sheet: 
 
ℎ = 3.4(𝐿 − 𝑥)1/2 
 
(5) 
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where h is the ice thickness, L is the distance from the center of a circular ice sheet to the toe, 
and x is the distance from the center of the ice sheet, in this case assumed to be the starting points 
of the profiles, to the location of interest.  L-x is the distance from the toe along a flow line.  
Since the bed is not flat, I modify the equation such that h is the vertical distance to the surface 
of the ice above an imaginary line with an elevation equal to the average elevation of the bedrock 
surface along the profile.  L is calculated so that where x is zero, the elevation of the ice (h plus 
the average topography) is equal to the elevation used as an initial condition.  Other boundary 
conditions were also applied.  Along the northern edge of the model area east of the western edge 
of the extent of the Lake Michigan Lobe during the Wisconsin Episode, ice elevation is set equal 
to the ice elevation used for areas covered during the Wisconsin Episode.  Ice thickness across 
the rest of the model’s boundary was set to zero.  Boundary conditions along the edge of the 
model area were imposed on the resampled (256 by 256) grid in ICE CASCADE and are one 
pixel wide.  The boundary conditions are illustrated in Figure 5. 
 
3.5 Temperature 
Temperature is used as a variable in this model.  It is controlled by setting the 
temperature at sea level at the southern end of the model area (~36° 45’ N).  Temperature at 
surface elevations and other locations is calculated using a lapse rate and an imposed north-south 
temperature gradient.  The lapse rate sets the change in temperature for a given change in 
elevation, and is set at 6.3x10-3 °C/m, the moist adiabatic lapse rate.  For the north-south 
temperature gradient, Curry and Delorme (2003) suggested a paleotemperature gradient range of 
1.3 to 3.0°C/degree latitude during the last glacial maximum near St. Louis (temperature 
gradients for the Illinois Episode glaciation are less well known).  I chose a value near the center 
of this range, 1°C/55km, which is approximately 2°C/degree latitude.  The equation for the 
surface temperature at any point is therefore 
 𝑇 = 𝑇𝑠𝑙 − 𝛼(ℎ + 𝑧) − 𝛾𝑑 (6) 
where T is the surface temperature at a given point, Tsl is the sea level temperature at the 
southern margin of the model area, α is the lapse rate (6.3x10-3 °C/m), h is the thickness of ice at 
that location, z is the elevation of the bed, γ is the north-south temperature gradient (1°C/55km), 
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and d is the distance north of the southern edge of the model area.  A sea level temperature of 
2°C at ~36° 45’ N therefore produces the land surface temperatures shown in Figure 6. 
 
3.6 Enhanced Basal Velocity 
In some areas, the Laurentide Ice Sheet may have overrun soft sediments rather than 
bedrock, leading to the possibility of increased sliding or basal deformation and, therefore, 
increased velocity.  Following Stokes et al. (2012), I define areas where velocity at the base of 
the ice sheet may be increased, here due to the presence of soft sediments.  The character of the 
bed overrun by the Illinois Episode Laurentide Ice sheet was determined using cross-sections 
showing Quaternary deposits and comparison between these cross-sections and maps of bedrock 
elevation and drift thickness (Bergstrom et al., 1976; Curry et al., 1994; Indiana Geological 
Survey et al., 2003; Grimley and Gemperline, 2012; Grimley and Phillips, 2006; Grimley and 
Phillips, 2011b; Grimley and Webb, 2010; Herzog et al., 1994; Piskin and Bergstrom, 1975).  
Where the cross-sections show Illinois Episode till deposited directly over bedrock, the ice sheet 
was assumed to flow on bedrock.  In other areas, mainly bedrock valleys, the cross-sections 
show sediment beneath the till indicating that the glacier overran sediment rather than bedrock.  
From such information, a pattern was observed wherein soft sediment at the bed was found in 
bedrock valleys, usually below a certain bedrock surface elevation range that varied 
geographically.  In northern areas, soft sediment at the bed was generally found at slightly higher 
elevations than at lower latitudes.  Additionally, thin (<~25ft) drift also indicated that the glacier 
likely overran bedrock rather than soft sediment.  Where cross-sections were not used, areas 
where soft sediment occurred at the base of the glacier were inferred by interpolating the 
observed pattern of the presence or absence of soft sediment as related to the bedrock surface and 
drift thickness.  The areas where soft sediment was determined to be present at the base of the 
glacier, both directly from cross-sections and from interpolation, were drawn onto a bedrock 
map, which was later scanned and digitized, resulting in the map shown in Figure 7.  Areas 
within the extent of the last glacial maximum were not marked as either allowing or disallowing 
increased sliding velocity because the model’s boundary condition holds the elevation of the ice 
surface constant, resulting in no surface slope and therefore no flow in this area (hatched area, 
Fig. 7; see Equations 3 and 4). 
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To model the potential for increased velocity in areas where soft sediment may have been 
present, a factor was introduced and used as a variable.  This factor multiplies the sliding law 
parameter in the specified areas such that 
 𝐵𝑠
∗ = 𝜅 × 𝐵𝑠 (7) 
where 𝐵𝑠
∗ is the sliding factor in the areas where soft sediment is indicated, κ is the factor used to 
increase velocity, and 𝐵𝑠 is the sliding factor for the rest of the model area. 
 
3.7 Calving 
Calving in the Mississippi (ancestral and modern valleys) and Wabash River systems is 
also accounted for in this model.  During the Illinois Episode, the glacier likely temporarily 
diverted the ancestral Mississippi River system multiple times from a course roughly following 
the Illinois River valley in western Illinois to one closer to its modern course, before returning to 
the Illinois Valley at the end of this glaciation (Hansel and McKay, 2010).  Since the Mississippi 
River would have therefore followed both courses at different times, I allow continuous calving 
in both the modern and ancestral Mississippi bedrock valleys along with the Wabash bedrock 
valley according to the formula: 
 
𝑄𝑐
𝑆
= 𝑣𝑐 (8) 
where Qc is the volumetric flux of ice due to calving, S is the area of ice at the calving front 
projected onto a vertical plane, and vc is the calving velocity.  Vc is modeled as c∙hw, where c is a 
constant, called the calving constant, and hw is the average water depth at the calving front 
(Brown et al., 1982).  Studies on calving have indicated that the calving constant can vary from 
approximately 2 to 30 a-1 depending on conditions such as salinity, which may affect the 
buoyancy of ice, and water temperature, which factors into melting of ice (Brown et al., 1982; 
Funk and Röthlisberger, 1989; Hanson and Hooke, 2000; Warren et al., 1995).  Since neither c 
nor hw is well known for the Mississippi and Wabash River systems during the Illinois Episode, 
vc is treated as one factor instead of a combination of two, and is used as a variable. 
As mentioned in section 3.3, the input maps were resized within ICE CASCADE for 
computational purposes to 256x256 pixels.  Using the topography and sediment input maps as 
guides, one pixel-wide “lines” marking the location of the bedrock valleys of the modern and 
ancient Mississippi and Wabash rivers were drawn on a 256x256 grid, as shown in Figure 8.  In 
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the pixels marked as part of the river systems, additional ablation was allowed to occur to 
represent ice loss from calving using Equation 8. 
 
3.8 Parameter Testing  
Experiments were run over 15,000 yrs. of model time for several reasons.  First, the 
Illinois Episode glaciation occurred during the period from ~190,000 to 130,000 years ago, 
giving a maximum limit for advance and retreat of the Laurentide Ice Sheet into the Midwestern 
USA of approximately 60,000 yrs. (Curry et al. 2011).  Since the model only covers the terminal 
~200 km of the advance, the model time should be significantly less than 60,000 yrs.  Second, 
during the Wisconsin Episode, Curry et al. (2011) suggest that the advance rate of the Lake 
Michigan Lobe during the Wisconsin Episode ranged from 19-34 m/yr. over the last 40 km to the 
glacial maximum.  The distance between the mapped extents of the Lake Michigan Lobe during 
the Wisconsin and Illinois episodes is approximately 200 km in southern Illinois (see Figure 9).  
Assuming that the entire Illinois Episode margin in southern Illinois was formed synchronously, 
and that ice advanced to that position from a position similar to the maximum extent of ice 
during the Wisconsin Episode, then, using the advance rates of Curry et al. (2011), we see that 
model ice should reach the Illinois Episode margin in about 5,000 and 11,000 years of model 
time.  Finally, model ice from many experiments advances slowly after the first few thousand 
years, resulting in only small differences in ice extent between 10,000 and 15,000 years.  For 
these reasons, 15,000 years of model time was deemed sufficient for experiments. 
Experiments were run varying the elevation of the ice at the extent of the Lake Michigan 
Lobe of the Wisconsin Episode, used as a boundary condition, as well as the temperature at sea 
level to determine a reasonable set of initial conditions.  Ice elevation at the boundary condition 
was varied between 1000 m and 1400 m above sea level.  Sea level surface temperature was 
varied in some cases from 0°C to 7°C, although most experiments were limited to temperatures 
between 2°C and 5°C. 
Once these conditions were set, other experiments were run to compare ice extent 
resulting from the difference between modern and bedrock topography.  In order to test the effect 
of soft sediments, the sliding factor was increased in areas where soft sediment was mapped 
(Figure 7).  In most cases, the sliding factor in these areas was increased up to twenty times.  One 
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set of experiments was run increasing the sliding factor by a factor of 100.  Calving was tested 
by calculating calving related ablation in the Mississippi and Wabash River systems according to 
Equation 8 (Figure 8).  The calving speed used in Equation 8 was varied from zero to sixty 
meters per year.  This range is used to account for the uncertainty in the calving factor and river 
depths and for the modeling of the calving region as pixel wide areas rather than as lines.  
Once experimental model runs were completed, the results were analyzed by comparing 
the distance between the mapped extent of the Laurentide Ice Sheet during the Illinois Episode 
and the extent of model ice along the five lines shown in Figure 9.  The extent of the model ice 
was determined by creating cross-sections of ice thickness along the lines of interest, and the 
difference between the model ice extent and the mapped ice extent on each line was rounded to 
the nearest kilometer.  Line A was chosen to test the effect of calving in the ancient Mississippi 
valley, but was placed at a distance from the edge of the model to lessen the impact of edge 
effects.  Line E was placed to include the effect of the Wabash system, again at a distance from 
the model edge.  Line B, near St. Louis, and Line C, near the town of Valmeyer, were chosen 
since the extent of the Laurentide Ice Sheet during the Illinois Episode is well constrained in 
those areas (Grimley and Phillips, 2011b; Grimley and Gemperline, 2012).  Line D, where the 
extent is also well constrained, represents the southernmost extent of the Laurentide Ice Sheet 
(Willman and Frye, 1980).  I define misfit in the model as the root mean square of the distances, 
in kilometers, between the known and modeled extents along these five lines. 
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CHAPTER 4 
RESULTS 
 At the start of each model run, ice elevation in the area covered by the Lake Michigan 
Lobe during the Wisconsin Episode (an approximation in the model of the starting point of 
Illinois Episode glacial ice in southern Illinois) is fixed, while there is no ice over the rest of the 
model area.  As time progresses, the ice radiates outward from the initial area.  As it does this, 
the ice margin becomes rounded in shape and loses the jagged appearance of the initial margin 
(Figure 10a).  If sliding at the glacier base is uniform, the margin is smooth.  If sliding is 
increased in some areas, the margin shows small crenulations but still has an overall rounded 
shape (Figure 10b).  As the ice continues to advance, it reaches the mapped extent of the Illinois 
Episode margin in the northern and eastern parts of the study area before it reaches its 
southernmost extent.  If there is little or no calving to hinder the advance, the glacier flows past 
the mapped Illinois Episode margin in the northwest and southeast prior to reaching the 
southernmost extent.  If calving is active, the ice extent is held fairly constant near the river 
systems and ice does not flow far past the mapped extent.  In general, the misfit for a model run 
will decrease as the ice approaches its mapped extent and then increase again if it flows past.  
Figure 11 shows how the ice margin evolves over time for one set of conditions. 
Initial ice elevation and surface temperature were tested to determine what range of 
values gave small misfits and how sensitive the ice extent was to these factors.  Sea level surface 
temperature at the southern edge of the model area and the assumed initial ice elevation in 
central Illinois (within the maximum extent of the Wisconsin Episode Margin) were varied.  
Figure 12 shows the resulting minimum misfits for each model experiment. Results from 
preliminary experiments at or below 2°C did not vary from one another, since these temperatures 
resulted in all but the southernmost edge of the model area having temperatures below freezing, 
resulting in no change in ablation.  Sea level temperatures above approximately 5°C resulted in 
greater misfits between mapped and modeled ice extents.  Therefore, most experiments were 
conducted between 2°C and 5°C.  Likewise, experiments were run between 1000 m and 1400 m 
of initial ice elevation because preliminary experiments indicated that thinner ice would halt 
before reaching the Illinois Episode extent, while thicker ice sheets would reach the full extent in 
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too short a time based on the estimates of advance rates.  The area of smallest misfits occurred at 
low temperatures where initial ice elevations were between 1200 m and 1300 m.  At low input 
temperatures, changes in temperature had little effect on the misfits measured.  At higher 
temperatures, misfits were larger and the areas of relatively small misfits shifted slightly toward 
model runs with higher initial ice elevations. 
Other possible controls on the shape and extent of the Laurentide Ice Sheet include 
differential sliding velocities and calving into the Mississippi and Wabash River systems.  To 
test these influences, the sliding law parameter was multiplied by a variable factor in areas where 
velocity might be expected to be higher due to the presence of soft sediments.  Calving speed 
was also varied along the river systems.    Model runs with higher calving speeds have noticeably 
smaller misfits than model runs with no calving or with slow calving speeds (Figure 13).  Model 
runs with different sliding factors tend to have similar misfits, although very high sliding factors 
result in noticeably smaller misfits at slow calving speeds.  However, at the high calving speeds, 
where misfits are smallest, uniform sliding across the modeling area results in slightly smaller 
misfits than variable sliding.  Also, for high calving speeds, misfits change little past 
approximately 8,000 years, indicating that the modeled ice extent is held nearly constant by the 
removal of ice due to calving. Misfits for model runs with slow calving speeds increase as the ice 
flows past the Illinois Episode margin as illustrated in Figure 14. 
Another potential control on the extent of the ice sheet is bed topography.  Bedrock highs 
such as the Shawnee Hills could provide an obstacle to the ice and limit its extent, while bedrock 
troughs could be areas of faster flow as suggested by Stokes and Clark (2001).  Figure 15 shows 
the results of model runs using different topographic surfaces, holding all other factors constant.  
As shown, the misfits resulting from experiments on different surfaces are similar to each other, 
in particular those from experiments using bedrock and modern surface topographies.  The 
similarity in misfits suggests that local surface topography did not greatly affect the shape and 
extent of the Laurentide Ice Sheet during its initial advance into Illinois during the Illinois 
Episode. 
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CHAPTER 5 
DISCUSSION AND CONCLUSIONS 
Through parameter testing, I was able to constrain ranges of model time, temperature, ice 
thickness, and calving speeds that result in small misfits between the modeled and mapped 
maximum extents of the Illinois Episode glaciation.  I was also able to note the effects of using 
different land surfaces and of increasing basal velocity where soft sediment was present. 
All of the experiments within this study reached their lowest misfits between the modeled 
and mapped maximum extents of the Illinois Episode glaciations within 15,000 yrs., indicating 
that 15,000 yrs. was likely sufficient for the ice to advance from central Illinois to southern 
Illinois (Figure 14).  The lowest misfits generally occurred within 8,000 to 12,000 yrs., 
consistent with estimates of 5,000 to 11,000 yrs. based on estimated advance rates for the 
Wisconsin Episode glaciations (Curry et al., 2011).  This correspondence suggests that the model 
results in a valid range of glacial advance rates, although a more careful testing of these rates 
might involve increasing the thickness of ice at the boundary conditions over time to simulate the 
advance of the ice sheet from the north.  
Surface temperature and initial ice elevation do have some control over model misfits.  
Model misfits are lowest for initial ice elevations of approximately 1200 m to 1300 m above sea 
level.  As the average bedrock elevation for the model area is 150-200 m above sea level, this 
suggests that the ice thickness in central Illinois when the Laurentide Ice Sheet was at its 
southernmost extent may have been near 1 km.  For comparison, using Equation 5, the ice 
thickness of a parabolic steady state ice sheet 200 km from its toe would be expected to be near 
1500 m.  However, there have been many suggestions of lower ice slopes for the Laurentide Ice 
Sheet.  For example, using moraine elevation and orientation to reconstruct lobes during the 
Wisconsin Episode, Clark (1992) indicated that ice thickness 200 km from the toe of the Des 
Moines Lobe to be approximately 200 m.  My estimate of ice ~1 km thick approximately 200 km 
from the glacier’s toe falls between these two values, making it a plausible estimation of the ice 
thickness of the Laurentide Ice Sheet in central Illinois. 
Model misfits are also lowest at low surface temperatures.  Additionally, as model 
temperatures increase, thicker ice is needed to reach the lowest misfits, implying that thinner ice 
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would melt before reaching the Illinois Episode margin.  The temperatures that result in the best 
fits are among the lower estimates for surface temperatures in the area.  The model gives the 
smallest misfits for sea level temperatures of 2-3°C, which would result in surface temperatures 
near St. Louis of -2 to -3°C.  Curry and Delorme (2003) estimated a mean annual temperature of 
0.8-3.9°C in the region during the late Wisconsin Episode while noting that other estimates of 
mean annual temperature from general circulation models fell between -3 and 13°C.  Assuming 
similar temperature histories during the Wisconsin and Illinois Episodes, my temperature 
estimates may suggest that the Laurentide Ice Sheet advanced to its southernmost extent of the 
penultimate glaciation during an especially cold period. 
Sliding and bed surface topography do not seem to have large influences, suggesting that 
the flow of the Laurentide Ice Sheet in southern Illinois, during its initial advance, may not have 
been strongly controlled by local bed conditions.  However, on a larger scale, the location and 
form of the Lake Michigan Lobe may be partially due to bed conditions, such as the topography 
of the Lake Michigan Basin, which could have directed ice flow.  Additionally, one explanation 
of the lobate form of the ice margin is the presence of ice streams, which could be controlled by 
bed conditions (Stokes and Clark, 2001).  Model experiments run over larger areas may be able 
to determine if regional bed conditions could exert more control over an ice sheet than the local 
conditions discussed here.   Although not modeled as part of this study, local bedrock control 
may have influenced local ice flow and the location of recessional moraines formed during 
Illinois Episode ice retreat, as ice thinned from its maximum advance and temperatures warmed 
(Grimley and Phillips, 2011a; Grimley and Phillips, 2011b; Webb et al., 2012). 
This model closely approximates the mapped maximum extent of the Illinois Episode 
glaciations without imposing exceptionally high velocities, suggesting that ice streaming was not 
required for the Laurentide Ice Sheet to advance so far south.  However, with the assumptions of 
this model, reaching the mapped southernmost extent during the Illinois Episode did require 
somewhat colder temperatures and thicker ice than most estimates for the Laurentide Ice Sheet 
during the Wisconsin Episode glaciation, thought to have similar paleoclimatic conditions to the 
Illinois Episode glaciation (Clark, 1992; Curry and Baker, 2000; Curry and Delorme, 2003; 
Grimley and Phillips, 2011a).  Nevertheless, my estimates for both temperature and ice thickness 
are within reason.  This could indicate that the Laurentide Ice Sheet reached its maximum extent 
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during the Illinois Episode at an unusually cold period and that the surface slope of the Lake 
Michigan Lobe at the time was steeper than estimates for the Des Moines Lobe during the 
Wisconsin Episode (Clark, 1992).  If, however, I were to greatly increase the velocity of the 
modeled glacier throughout the modeling area, it is possible that I could approximate the 
maximum extent of the Illinois Episode glaciers at warmer temperatures with thinner ice, though 
the shape would likely still be controlled by calving.  If that were the case, it would indicate that 
ice streaming of the entire Lake Michigan Lobe was a possible mechanism for allowing the 
Laurentide Ice Sheet to advance so far south, perhaps due to a combination of bed deformation 
and high basal water pressures resulting in high basal velocities (Alley, 1991). 
In many locations, the maximum extent of the Illinois Episode glaciations falls near 
major river systems (Figure 16).  It has been noted that ice sheets have the ability to alter the 
courses of rivers (Hansel and McKay, 2011; Stiff and Hansel, 2004).  As ice advances over a 
river, it blocks the water, forcing the river to switch course.  During the Illinois Episode, the 
Laurentide Ice Sheet likely blocked and diverted the ancestral Mississippi River in western 
Illinois several times (Hansel and McKay, 2011).  When the glacier advanced, the river was 
forced to a path near its modern course.  The river returned to a path similar to its ancient course 
as the ice retreated, before being diverted for the last time in the Wisconsin Episode (Hansel and 
McKay, 2011). 
The similarity between the path to which the Mississippi was diverted and the extent of 
the Laurentide Ice Sheet in Illinois may therefore be due to the diversion of the river by the ice.  
The river, having been diverted by glacial ice, may have simply followed the edge of the glacier, 
resulting in a course similar to the mapped ice margin.  The Mississippi River is not the only 
river to flow near the extent of glaciation.  For example, the farthest extent of glaciation in 
Missouri is very near the Missouri River valley, while near the Indiana-Ohio border, the Illinois 
Episode margin follows the Ohio River valley as seen by Figure 16 (Curry et al., 2011).  Such 
examples suggest a link between rivers and ice margins, such as the diversion of rivers by 
glaciers. 
In addition to ice thickness, temperature, and bed conditions, I also considered the effects 
of calving of glacial ice into rivers.  Experiments in this study that do not account for rivers, 
those without calving or with low calving rates, result in ice sheets that overshoot the mapped 
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margin and show a rounded margin rather than one similar in shape to the mapped margin. 
Indeed, one of the strongest controls on the modeled ice sheet seems to be calving speed.  The 
inability of the model to provide a good fit to the mapped extent without calving suggests that 
the presence of the rivers affects the ice sheet in addition to the ice sheet affecting the rivers.  
Cutler et al. (2001) have already suggested that calving into the deep water of Lake Superior may 
have affected the extent of the Laurentide Ice Sheet during the Wisconsin Episode glaciation.  
This study suggests that calving into rivers should also be accounted for in other models of ice 
sheets, and that an effort should therefore be made to better understand and simulate such 
calving.  For example, a more dynamic model than mine would allow the location of calving to 
change when the ice blocks the ancestral Mississippi valley, rather than allowing calving in both 
the ancient and modern Mississippi bedrock valleys throughout the model experiments.  The 
creases in the north-western sections of the modeled ice margins in Figure 11 (near UTM zone 
16 North northing 4400000) are a result of continued calving in the ancestral valley after it is 
overrun by ice.  Additionally, more study should be done concerning the mechanisms and rates 
of calving into rivers, such as is currently seen with the Childs Glacier in Alaska, which calves 
into the Copper River (Kargel et al., 2008).  Such studies would allow for better models of 
calving into rivers and the resulting impact of rivers on the shape and extent of ice sheets. 
This study does not address the retreat of the Illinois Episode Lake Michigan Lobe from 
its maximum extent, nor the formation of landforms or activity of ice during the time of 
recession.  To simulate the retreat of glacial ice, one could force a decrease in the thickness of ice 
at the boundary conditions while simultaneously increasing paleotemperature to increase 
melting.  Doing so might allow one to observe if this model allows for the formation of sublobes 
during the glacial retreat, such as the proposed Kaskaskia Sublobe (Webb et al., 2012).  Also, 
altering the rates of ice thinning and temperature increase and then observing the resulting basal 
velocities could allow one to estimate under what conditions the retreating ice may have been 
active or stagnant, with low basal velocities indicating less active ice.  Alternatively, one could 
run model experiments with progressively thinner ice at the boundary conditions.  Experiments 
with thinner ice and lesser modeled ice extents would represent increasing time from the start of 
glacial retreat.  However, neither model of retreating ice would allow one to observe the creation 
of landforms such as moraines or eskers, as this would require a more complex model not only of 
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sediment transport but also of glacial hydrology.  Moraine formation might be inferred, however, 
by studying the location of modeled ice margin and comparing it to mapped landforms.  Areas 
where moraines are mapped might exhibit characteristics within the model, such as ablation rates 
or basal velocities, which are different from areas where no moraines occur. 
Overall, I suggest that the Laurentide Ice Sheet may have reached its maximum extent in 
southern Illinois during the Illinois Episode during a cold period without the necessity of ice 
streaming, although I do not rule out the possibility of its occurrence on either a local or regional 
scale.  I also suggest that the glacier’s maximum extent may have been influenced by the 
location of rivers flowing in bedrock valleys formed prior to the glacier’s advance during the 
Illinois Episode. These bedrock valleys could have partially confined glacial rivers.  Calving into 
these rivers may be an important mechanism of ice loss that should be considered more generally 
when modeling the Laurentide Ice Sheet. 
24 
 
 
CHAPTER 6 
TABLES AND FIGURES 
Parameter Value meaning 
B 6.8 x 10-24 s-1Pa-3 Deformation constant 
Bs 2.0 x 10
-13 ma-1kPa-2 Sliding constant 
ρ 910 kgm-3 Density of ice 
g 9.81 ms-2 Acceleration due to gravity 
p 3 Ice flow exponent 
Table 1: list of parameter values used in ICE CASCADE 
 
 
Figure 1: Approximate southernmost extent of the North American Ice Sheet Complex during the Pleistocene (red 
line) and modern day major river systems (light blue).  Black rectangle is approximate study area.  After Berggren 
and Killey (2000). 
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Figure 2:  Image of study area and mapped ice margins.  State boundaries are shown for reference in solid black.  
Dashed black lines indicate approximate location of study area.  The green line represents the mapped Wisconsin 
Episode margin (Indiana State Geological Survey et al., 2010b; Lineback, 1979). The blue line shows the eastern 
extent of the Lake Michigan Lobe during the Wisconsin Episode, as determined by maps of the source of various 
tills (Gray, 1989). The thick red line represents the mapped Illinois Episode margin (Indiana State Geological 
Survey et al., 2010a; Lineback, 1979).  Numbers along axes are approximate eastings and northings of UTM zone 
16 North, NAD83 datum. 
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Figure 3: Maps of a) modern topography, b) bedrock topography and c) bedrock topography with the relative relief 
of (b) doubled in the study area.  Grayscales indicate elevation in meters above sea level.  Numbers along axes are 
eastings and northings of UTM zone 16 North, NAD83 datum. 
a b 
c 
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Figure 4: Bedrock surface a) with a horizontal resolution of 1km and b) the same area reduced in resolution and with 
resized pixels for computational efficiency within ICE CASCADE.  In (b), numbers along axes are pixel units, with 
one pixel approximately 1.75km wide in the east-west direction and 1.57km wide in the north-south direction.  
Grayscale indicates elevation above sea level in meters. 
a 
b 
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Figure 5: Boundary Conditions. a) Gray lines and areas represent location of boundary conditions imposed on the 
model as described in text.  Numbers along east-west axis represent distance (km) from western edge of model area. 
Numbers along north-south axis are northings of UTM zone 16 North, NAD83 datum.  b) cross section of ice and 
surface elevation along the northern edge boundary condition of the model area, line A-A’. L, h, and x are the 
variables of Equation 5 and are described in the text.  Blue line represents ice elevation, black solid line represents 
land surface elevation, here using the bedrock surface.  The dashed black line represents the average land surface 
elevation (here ~147m) over L, where the ice surface profile follows Equation 5.  
A B A’ 
a 
b 
Maximum extent of Lake Michigan 
Lobe during Wisconsin Episode 
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Figure 6: Map of surface temperatures produced by setting sea level temperature at the southern edge of the model 
area to 2°C.  The topography used is the elevation of the bedrock surface.  Numbers along axes are eastings and 
northings of UTM zone 16 North, NAD83 datum. Color bar indicates surface temperature (°C). 
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Figure 7: Maps of areas where basal velocity is allowed to increase (shaded blue) over to a map of the bedrock 
surface, showing the relationship between inferred soft sediments and bedrock valleys.  Hatched area is not 
designated as either allowing or disallowing increased velocity.  Grayscale indicates elevation in meters above sea 
level of the bedrock surface.  White lines show approximate locations of cross-sections used to inform the model.  
Numbers along axes are eastings and northings of UTM zone 16 North, NAD83 datum. 
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Figure 8: Location of bedrock valleys (white lines) of the Mississippi and Wabash River systems mapped on the low 
resolution grid within ICE CASCADE for the inclusion of calving.  Topography shown is bedrock surface.  
Grayscale indicates bedrock surface elevation, in meters above sea level.  Numbers along axes are eastings and 
northings of UTM zone 16 North, NAD83 datum. 
 
Figure 9: A map showing the locations of the five transects along which differences between modeled and mapped 
ice extent were measured.  White shows the area covered by the Lake Michigan Lobe during the Wisconsin Episode, 
light gray shows the area covered by the Lake Michigan Lobe during the Illinois Episode, and dark gray indicates 
the area not covered by ice during either the Illinois or Wisconsin Episode (Gray, 1989; Indiana State Geological 
Survey et al., 2010a; Indiana State Geological Survey et al., 2010b; Lineback, 1979). Numbers along axes are 
eastings and northings of UTM zone 16 North, NAD83 datum. 
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Figure 10: Comparison of ice margins after 5000 years a) with and b) with spatially variable sliding.  In b, the 
sliding factor is 20 times higher in bedrock valleys where soft sediment is mapped than on bedrock highs.  Initial ice 
elevation is 1300m, sea level temperature is 2°C, and calving speed is 0.  The northern white line represents the 
mapped ice margin of the Wisconsin Episode, and the southern white line that of the Illinois Episode (Gray, 1989; 
Indiana State Geological Survey et al., 2010a; Indiana State Geological Survey et al., 2010b; Lineback, 1979).  
Color scale represents thickness of ice.  Numbers along axes are eastings and northings of UTM zone 16 North, 
NAD83 datum. 
 
a 
b 
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Figure 11:  Modeled ice margin extent at a) 5000 yrs. b) 10,000 yrs. and c) 15,000 yrs.  Color bars indicate thickness 
of ice.  The northern white line represents the mapped extent of the Wisconsin Episode while the southern white line 
represents the mapped extent of the Illinois Episode (Gray, 1989; Indiana State Geological Survey et al., 2010a; 
Indiana State Geological Survey et al., 2010b; Lineback, 1979). Numbers along axes are eastings and northings of 
UTM zone 16 North, NAD83 datum. D) shows how misfit between modeled and mapped maximum glacial extents 
of the Illinois Episode evolves over time.  Initial ice elevation is 1300m, sea level temperature is 2°C, calving speed 
is 45m/a, sliding is uniform, and modern topography is used. 
a 
c 
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Figure 12: Effects of initial ice elevation and sea level temperature on misfits.  Contours and coloring indicate misfit 
(km).  The calving speed is 45 m/a, sliding is uniform across the model area, and the modeling bed topography is 
modern surface topography.  Red markers indicate actual data points. 
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Figure 13: Misfit of modeled with mapped margin as a function of sliding factor and calving speed at a) 10,000 yrs. 
and b) 15,000 yrs. of model time.  Initial ice elevation is 1300m above sea level, sea level surface temperature is 
2°C, and the modeling bed topography is the bedrock topography. 
  
a 
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Figure 14: Misfits for model runs with different calving speeds over time.  Initial ice elevation in 1300m above sea 
level, sea level surface temperature is 2°C, sliding is uniform across the modeling area, and the modeling bed 
topography is the bedrock topography. 
 
Figure 15: Misfits resulting from model runs on four different surfaces as compared to the calving speed measured 
after 15,000 years of model time.  Initial ice elevation is 1300m, sea level temperature is 2°C, and sliding is uniform 
across the model area. 
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Figure 16:  The extents of the Laurentide Ice Sheet during the Illinois Episode (red line) and the pre-Illinois 
Episodes (purple line) as well as major river systems.  After Curry et al. 2011. 
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